Over the past few decades, scientific researchers raised a great deal of interests in the direct wide-band-gap semiconductors such as ZnO, GaN, and AlN. Because of their high exciton binding energy, high thermal conductivity, and high chemical stability, they have been widely used in electrically pumped ultraviolet-blue light-emitting diodes, lasers, biosensor, and photon detectors. 1, 2 It gives rise to a great series of researches on extensive issues, e.g., size effect, polarity, or functional properties. There have also been studies on the mechanical properties of ZnO in the forms of polycrystalline wafers, 3 single crystal wafers, thin films, 4 nanowires, 5 and nanobelts 5 measured by various testing techniques. 5, 6 There is appreciable disparity in the measured values among various samples (e.g., shape and size), in particular, single crystals. Moreover, one dimension (sharp tip-like or needle/pillar-like) structures have attracted considerable attention as a material for field emitters to make the key devices for fabricating vacuum microelectronic devices and flat panel displays. Since large-sized single-crystal ZnO is not available, conventional uniaxial testing was difficult to perform. In this study, we use focus ion beam (FIB) to prepare 1 lm-diameter micropillars from the ZnO wafer and then conduct microcompression tests.
Single crystal wurtzite hexagonal structure has anisotropic properties in different directions. For c-ZnO (with the h0001i c-axis perpendicular to, or the basal f0001g planes parallel to the wafer), it has a small position deviation of zinc and oxygen atoms from their ideal position along the c-axis, causing an electrical dipole momentum. The dipole momentum would induce the intrinsic electric field and cause the decreasing luminescence efficiency of optoelectronic devices. The a-plane (with the f11 20g planes parallel to the wafer) and the m-plane (with the f10 10g planes parallel to the wafer) ZnO are non-polarity wafers. Along both h10 10i and h11 20i directions, there is no dipole momentum, more suitable for improving higher efficiency, and better luminescence performance of devices.
The high-surface/volume-ratio one-dimension semiconductors have various applications, such as diodes, high power lasers, sensors, and transistors. 7 Since the contact loading during processing or packaging will significantly degrade the performance of these devices, the successful fabrication processes of such devices based on wide-bandgap semiconductors require a better understanding of their mechanical characteristics and optoelectronic performance. 8 Precise data along this line on micro/nano-scales are very limited. Microcompression testing can provide a precise uniform stress to study the mechanical properties for those single crystal materials which cannot be fabricated into bulk scale. 9 In this study, the mechanical properties on the nano and microscales between the polar and non-polar ZnO are measured and compared by applying nanoindentation and microcompression testing.
The ZnO wafer samples used in this research were obtained from MTI Corporation, USA. It was synthesized by a hydrothermal method. These three kinds of ZnO wafers have the c-plane, a-plane, and m-plane orientations, all of the Wurtzite hexagonal structure with lattice constants a ¼ 3.252 Å and c ¼ 5.313 Å . One single side of the wafers were polished, with the wafer thickness of 0.5 mm and root mean square roughness less than 10 Å . Nanoindentation (MTS Nanoindenter XP) was conducted on the ZnO wafers using a blunt Berkovich tip whose radius is $200 nm under the loading rate control (LRC) mode at a stress rate of 10 À5 N/s to obtain the elastic modulus and nano-hardness. Nanoscaled yield strength can be extracted from the onset of first burst (as described below).
Microcompression samples were prepared by using a dual focus ion beam system, following a method developed by Uchic et al. 10, 11 Ga ion beam operated at 30 keV and 7-12 nA was initially directed perpendicular to the surface of the ZnO wafer to mill a crater with a diameter of 35 lm and depth of 1 lm. Then, a smaller current of 0.7-0.09 nA was used for the final machining the pillars. The final dimensions of micropillars prepared in this study were 1 lm in diameter and 2 lm in height. These pillar samples have a minor taper angle around 1.6 . Ga damaged layers is measured by auger electron spectroscopy and estimated to be $15 nm. The samples were loaded in uniaxial compression by using a flat-punch in a commercially available nanoindentation system with the LRC mode. Tests were conducted at a stress rate of 10 À5 N/s. The Young's modulus and yield stress of the tapered micropillars are corrected by the method described previously. 12 The microstructure of the deformed micropillar was examined using the Tecnai F20G2 field-emission transmission electron microscopy (TEM) operated at 200 kV. The TEM foils were coated with a thin carbon layer as a protector. The foil thickness was less than 100 nm. To investigate the defects distribution, the JEOL-6330 field emission scanning electron microscopy (SEM) and Gatan cathodoluminescence (CL) spectroscopy were used operated at 15 kV.
The mechanical properties of the polar and non-polar ZnO wafers were investigated by using the procedures of Oliver and Phar 13, 14 for nanoindentation. The formula for the reduced Young's modulus E r is
where s is Poisson ratio of the sample and A c is contact area of nanoindentation. The effective modulus E s for the sample can be derived from
where E s and s are the modulus and Poisson's ratio of the specimen, and E tip and tip are the Young's modulus and Poisson's ratio of the diamond indenter. The measured E r of the c-plane, a-plane, and m-plane ZnO wafer is 141, 150, and 152 GPa, respectively. For diamond, the Young's modulus E tip ¼ 1141 GPa and Poisson's ratio tip ¼ 0.07. The Poisson's ratio for the polar c-plane is given by s,polar ¼ ÀC 13 /(C 11 þC 12 ), and the value in literature is 0.34. 3 The s of non-polar ZnO can be derived by
where C ij is elastic constants C 11 ¼ 209. Table I . The hardness (H) of the c-plane, m-plane, and a-plane ZnO wafer was measured to be 7.1, 3.9, and 4.0 GPa, respectively (Table I ). The polar c-ZnO wafer appears to be much harder than the non-polar ZnO. 15 Figures 1(a)-1(c) show the nanoindentation loaddisplacement curves of the c-plane, a-plane, and m-plane ZnO, respectively. The onset of plastic deformation during nanoindentation is marked by a noticeable displacement burst. Prior to the first large pop-in, the load-displacement relationship (P-h) can be well fitted by the Hertzian contact solution 16, 17 
where P is the applied load, E r is the above effective modulus of the pair of contacting solids, R is the indenter tip radius, and h is pop-in displacement into surface. The nanoscaled yield stress r y can be calculated from the first off set of the load-displacement curve from Hertzian contact theory. The nano-scaled yield stress r y is calculated through the equation 15 ,17,18
where P pop-in is the load corresponding to the first strain burst under nanoindentation testing. Based on over 10 indentations made on each specimen, the nano-scaled yield stress r y of the c-plane, m-plane, and a-plane ZnO wafer is 12.0, 6.7, and 4.5 GPa, respectively (Table I ). The measured very high yield stress at the first strain burst corresponds to the homogeneous nucleation of dislocations in a perfect ZnO single crystal, 19 and is already approaching to the theoretic yield strength of the perfect crystal.
The response of the 1 lm ZnO micropillars under microcompression is examined next. The stress-strain curves and SEM images of the polar c-plane, as well as the non-polar aplane and m-plane ZnO micropillars, are depicted in Fig. 2 . Representative nanoindentation load-displacement curves of (a) the c-plane, (b) the a-plane, and (c) the m-plane ZnO wafer and the curve predicted by the Hertzian contact theory.
All curves have been compensated by the machine stiffness/ compliance. The micro-scaled elastic modulus and yield stress directly measured by microcompression testing of the polar c-plane and non-polar a-plane and m-plane ZnO are 123, 140, and 142 GPa, and 3.0, 0.8, and 0.5 GPa, respectively (Table I) . Taking considerations of the higher resulting Schmid factor (¼cos u cos k, where u is angle between the slip plane normal and loading axis and k is the angle between the slip direction and loading axis) and lower Burgers' vector, the most possible slip system for polar ZnO should be f10 11gh 1011i, and the Schmid factor is calculated to be 0.41. 14 The most possible slip system of both non-polar a-and m-plane ZnO should be f01 10gh 2110i, and the Schmid factor is calculated to be 0.43. Some cleavages and cracks are found along the slip plane at the top of the pillars. Also in Fig. 2 are the schematic drawings of the corresponding planes, directions, and angles for the calculation of the critical resolved shear stress (CRSS). It follows that the CRSS value for the c-plane, a-plane, and m-plane ZnO is 1.2, 0.3, and 0.2 GPa, respectively (Table I) . The cross-sectional TEM observations on the slip plane traces presented in Fig. 2 are also in perfect agreement with the proposed schematic drawings on the activation of dislocation slip. It is clear that the polar c-plane ZnO needs much higher critical stress to activate plastic formation, as justified by the nano-scaled hardness and yield strength as well as the micro-scaled yield stress and CRSS. Thus, the polar c-plane ZnO wafers will be much stronger when they are subjected to bending or compressive loading. Figure 3 shows the CL images (using CL light wavelength k ¼ 377 nm) and the corresponding SEM images of the c-, a-, and m-plane ZnO after nanoindentation loading to a high load at 45 mN. The CL pattern as a function of wavelength would not exhibit blue or red shift by indentation loading; only apparent residual stress will induce CL wavelength shift. The CL light emission at wavelength k ¼ 377 nm is corresponding to the maximum emission counts.
14 Note that for the ZnO wafer without indentation, the CL image is basically a bright and featureless contrast. Upon indentation deformed, the generated dislocations and other defects would darken the deformed areas showing gray or black contrast, meaning that these deformed areas would lower their CL capability. For the polar c-plane ZnO, the well-known rosette pattern is seen, indicating that the dislocations would propagate along the six be f10 11gh 1011i slip families. The CL light emission would be pronouncedly lowered along these deformed rosette areas. Compared with the c-plane ZnO under nanoindentation, the rosette pattern is no longer found in non-polar ZnO. Due to the geometry asymmetry of Berkovich indentation tip and the anisotropic of single crystal, dislocations would slide on different slip planes, such as f01 10gh 2110i. Moreover, cracks can be found in both non-polar ZnO, preferring to propagate along the c-plane. Slip trace analysis was also made on the CL image, but the local lattice distortion in the indented region would sometimes lead the slip traces not exactly along the orientation as expected. Misorientation up to 10 is possible. But the CL images in Fig. 3 can still indicate that both basal planes and pyramidal slip systems were activated for dislocation activity at high loads, reducing the cathodoluminescence lighting along the corresponding activated slip systems.
In summary, the detailed comparisons of the deformation characteristics and the mechanical data on the polar and non-polar ZnO wafers are measured and analyzed, as listed in Table I . The non-polar ZnO wafers have apparently lower strength and hardness than the polar ZnO, evident from both the nano-and micro-scaled measurements. Nano-scale measurement can extract the very high yield strength approaching to the theoretic strength of the anisotropic polar/nonpolar ZnO wafers. The CL images show the trace of dislocations propagation, which is consistent with the slip systems observed from the TEM characterization.
